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ABSTRACT 

A novel technique has  been developed f o r  use i n  t h e  study of 

c o l l i s i o n a l  energy t r a n s f e r  and chemical r e a c t i o n  rates i n  raDidly 

cooled gases.  The p r i n c i p l e  f e a t u r e  i s  t h a t  t h e  shock heated test 

g a s  sample is  s t a t i o n a r y  during t h e  coo l ing  process  s o  t h a t  t h e  

temporal behavior of a p a r t i c u l a r  nonequilibrium property may be  

continuously monitored. The technique has  been app l i ed  t o  the  measure- 

ment of t h e  v i h r a t i o n a l  *-excitation rate of carbon monoxide i n  an 

argon h e a t  ba th ,  using t h e  fundamental i n f r a r e d  emission band of CO 

t o  follow i t s  v i b r a t i o n a l  temperature throughout t h e  expansion. I n  

c o n t r a s t  t o  a number of r e c e n t  r e p o r t s  i n d i c a t i n g  enhanced v i b r a t i o n a l  

de-exci ta t ion rates f o r  some diatomic molecules,  t h e  p re sen t  experi-  

ments c l e a r l y  i n d i c a t e  t h a t  t h e  c h a r a c t e r i s t i c  v i b r a t i o n a l  r e l a x a t i o n  

t i m e  of carbon monoxide i n  argon is t h e  same no matter whether it i s  

measured i n  a compression (shock wave) o r  expansion environment. 
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1. INTRODUCTION 

This Daper d e s c r i b e s  t h e  development and i n i t i a l  ope ra t ion  

of a novel experimental  method f o r  u se  i n  t h e  s tudy  of c o l l i s i o n a l  

energy t r a n s f e r  and chemical r e a c t i o n  rates i n  

The p r i n c i p l e  f e a t u r e  of t h e  method is  t h a t  t h e  shock heated test 

gas sample i s  s t a t i o n a r y  during t h e  cool ing process  s o  t h a t  t h e  temporal 

behavior of a p a r t i c u l a r  non-equilibrium property may be  continuouslv 

monitored. Furthermore, t he  rate of cool ing i s  a v a r i a b l e  a t  t h e  d i s -  

posal  of t h e  i n v e s t i g a t o r  e 

a p i d l y  cooled gases.  

In  s t u d i e s  of c o l l i s i o n a l  enerpv t r a n s f e r  i n  thermal systems a t  

high temperatures,  t h e  shock tube has  been t h e  most commonlv used 

apparatus  f o r  providing the  required high temperature environment. 

Observations have u s u a l l v  been made behind the  i n c i d e n t  o r  r e f l e c t e d  

shock waves so t h a t  t h e  rate determinat ions were made under condi t ions 

where t h e  predominant c o l l i s i o n  processes  were those  of e x c i t a t i o n .  

In  many p r a c t i c a l  problems however, c o l l i s i o n a l  - de-exci ta t ion i s  t h e  

process  of major i n t e r e s t .  

The d e s i r e  t o  make p e r t i n e n t  de -exc i t a t ion  rate measurements t o  

complement t h e  r e l a t i v e l y  l a r g e  bodv of e x c i t a t i o n  rate d a t a  has long 

been recognised. The s c a r c i t y  of such d a t a  emphasizes t h e  l a c k  of a 

gene ra l ly  accep tab le  experimental  method. No coun te rva r t  t o  t h e  r e l a t i v e l y  

simple one-dimensional flow produced behind a p l ane  shock wave has been 

devised t o  s tudy these  processes .  I n  t h i s  Daver  w e  r e p o r t  t h e  develop- 

ment and i n i t i a l  ope ra t ion  of such an experimental  method, and p resen t  

r e s u l t s  o f  measurements made on t h e  rate of v j h r a t i o n a l  de-exci ta t ion of 

carbon monoxide h igh lv  d i l u t e d  i n  argon. 
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I n  c o n t r a s t  t o  some ear l ier  r e p o r t s ,  (19*)  ou r  r e s u l t s  i n d i c a t e  

no c l e a r  discrepancy between measurements of t h e  rate of v i b r a t i o n a l  

r e l a x a t i o n  of carbon monoxide i n  argon obta ined  from shock wave 

experiments ,  and those ohta ined  i n  an expanding flow environment. 
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2. EXPERIMENTAL APPARATUS 

The experimental  method which ~ 7 e  have adopted t o  s tudy v i b r a t i o n a l  

de-exci ta t ion r e p r e s e n t s  a development of a technique descr ibed by Jacobs,  

Hartunian, Geidt and Wilkins. (3)  I n  t h e i r  experiment a shock wave w a s  

r e f l e c t e d  from t h e  end w a l l  of a shock tube t o  produce a s t agnan t  pas 

i n  a state of thermochemical equi l ibr ium. When t h e  r e f l e c t e d  wave 

passed a c y l i n d r i c a l  diaphragm mounted f l u s h  with the  i n s i d e  diameter 

of t h e  tube,  t h e  inc reased  p res su re  behind t h e  r e f l e c t e d  wave caused 

t h e  c y l i n d r i c a l  diaphragm t o  b u r s t ,  t hus  exposing t h e  shock t r e a t e d  test 

gas t o  a vacuum chamber mounted o u t s i d e  t h e  tube.  The diaphragm opening 

r e s u l t e d  i n  an unsteady expansion wave which propogated i n t o  t h e  test 

gas,  O p t i c a l  observat ions of t h e  expanding gas w e r e  made ac ross  t h e  

tube c l o s e  t o  t h e  end w a l l  where t h e  t i m e  varyinp p res su re  p r o f i l e  w a s  

recorded using Kistler p re s su re  t r ansduce r s .  Jacobs e t  a l ,  reported 

some prel iminary recombination rate measurements which were made using 

a d i l u t e  mixture of c h l o r i n e  i n  argon. Although t h e s e  appeared t o  prove 

the  gene ra l  u t i l i t y  of t h e  technique, no subsequent work using t h i s  

method has  been r epor t ed .  

The method as descr ibed above w a s  s u b j e c t  t o  two drawbacks which 

l i m i t e d  i t s  range of a p p l i c a t i o n .  The closest d i s t a n c e  of the Cyl ind r i ca l  

diaphragm t o  t h e  obse rva t ion  p o s i t i o n  w a s  r e s t r i c t e d  by t h e  requirement 

t h a t  t h e  expansion wave became one-dimensional by t h e  t i m e  i t  reached 

t h e  end w a l l .  Since t h e  magnitude of t h e  p r e s s u r e  g rad ien t  decreases  

with d i s t a n c e  from t h e  o r i g i n  i n  unsteady expansion waves, t h i s  minimum 

d i s t a n c e  requirement set an upDer l i m i t  t o  t h e  coo l ing  rate which could 
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be achieved. In  a d d i t i o n ,  t h e  o v e r a l l  expansion r a t i o  which w a s  

obtained appeared t o  be about 2 : l  which, f o r  a gas  c o n s i s t i n g  p r imar i ly  

of argon, only provided about a 20% reduct ion  i n  t h e  bulk gas temperature.  

Our p re sen t  f a c i l i t y  c o n s i s t s  of a new expansion assembly which 

couples on t o  the  end of a 3 i n .  bore s t a i n l e s s  steel shock tube. The 

shock tube is  a convent ional  p re s su re  d r iven  device and has  been previ -  

ously descr ibed  i n  t h e  l i t e r a t u r e .  (4) 

t o  t o r r ,  with a t y p i c a l  degassing and l eak  rate equiva len t  t o  a 

rate of p re s su re  rise somewhat less than 10 tor r /minute .  Helium w a s  

used as t h e  d r i v e r  gas. 

The whole system can be evacuated 

-4 

A plan  view of t he  expansion assembly i s  shown i n  Fig. 1. It 

c o n s i s t s  of a 5 cm. square  channel ( A ) ,  about 30 cm. l one ,  which i s  

designed to al low t h e  c e n t r a l  core  flow behind t h e  primary shock wave 

t o  e n t e r  wi th  minimal flow d is turbance .  

thus s p i l l  ou t  i n t o  t h e  annular  dump tank ( B ) .  There a r e  two a p e r t u r e s ,  

placed exac t lv  oppos i te  t o  one another ,  which are c u t  i n  t h e  s i d e  w a l l s  

of t h e  channel toward i t s  downstream end. The length  of t h e  ape r tu re s  

is  determined by t h e  r ep laceab le  i n s e r t s  (C), which surqmrt secondary 

diaphragms mounted f l u s h  wi th  t h e  channel w a l l s .  The maximum ape r tu re  

length  is  15 cm. and t h e  width of t h e  a p e r t u r e s  is  5 cm.,  i .e. they extend 

over t he  f u l l  channel width.  

t h e  channel i n t o  two expansion chambers (E E ) mounted on the  s i d e  w a l l s ,  

The p o s i t i o n  of t h e  end plug can be ad jus t ed  a x i a l l y  t o  l o c a t e  a t  var ious  

p o s i t i o n s  downstream from the  diaphragms. 

The shock tube boundary layers 

These a p e r t u r e s  a l low open access  from 

1’ 2 

The assembly is  completelv symmetrical about t he  v e r t i c a l  plane 

which con ta ins  t h e  axis of t he  tube. L i t h i u m  f l u o r f d e  windows a r e  
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positioned so that optical observations can be made across the channel, 

along the stagnation line close to the end wall. 

secondary diaphragms (0.00025-0.0005 in. Mylar) were strong enough to 

withstand the pressure behind the incident shock wave but ruptured when 

subjected to the increased pressure behind the reflected shock. The 

subsequent rate of expansion at the end wall was measured using a flush 

mounted Kistler type 6g3L pressure transducer. 

for the test gas to reach thermodynamic equilibrium before the arrival 

of the expansion waves by adjustment of the position of the end wall 

relative to the apertures. Pressure reduction rat€os greater than 5 : l  

were consistentlv obtained within a time period of about 253 llsec, thus 

yielding cooling rates in excess of l o7  OK sec-' and reductions in bulk 

gas temperature of about a factor of 2. 

In operation, the 

Adequate time was allowed 

In our experiments, the vibrational temperature of the carbon 

monoxide was deduced by monitoring the infrared emission intensity of 

the CO fundamental band centred at 4.651.1. This was measured using a 

fast response indium-antimonide photovoltaic detector which, together 

with an interference filter, provided an effective pass band covering 

the spectral range from 4 , 0 - 5 . 5 ~ .  Observation of the entire fundamental 

band ensured that the measured intensity was independent of changes in 

rotational temperature. (5) 

linearity of response and responsivity, was optimised by using a Perry 

type 720 current amplifier which allowed the detector to operate close 

to its ideal short circuit condition, 

The performamce of the detector, i.e. 

A collimation system consisting of suitablv placed optical stops 

allowed the detector to view only the radiation emanating from a well 
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defined volume of gas  i n  the  v i c i n i t y  of t h e  s t a g n a t i o n  l i n e  on the  

end plug.  The spa t i a l  r e s o l u t i o n  of the  d e t e c t o r  i n  both the  a x i a l  

and l a t e r a l  p lanes  i n  t h e  shock tube w a s  less than 2 mm and t h e  a x i s  

of t he  co l l ima t ion  system was 2 mm i n  f r o n t  of t he  plane of t h e  end 

w a l l .  

The gas mixtures  used i n  t h e s e  experiments were prepared and 

s t o r e d  i n  s t a i n l e s s  steel tanks a t  p re s su res  of about f i v e  atmospheres. 

The gases used were: argon,  pre-pur i f ied  grade suDplied bv Matheson, 

with impuri ty  concen t r a t ions<  20 pnm; carbon monoxide, research grade 

suppl ied  bv Lif-0-Gen, batch a n a l y s i s  of which showed impuri ty  l e v e l s  

of 17 ppm oxygen, 5 ppm t o t a l  hydrocarbons, and 260 ppm n i t rogen .  
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3. CALIBRATION EXPERIMENTS 

Before proceeding with t h e  expansion exDeriments, s u b s i d i a r v  

c a l i b r a t i o n  tests were f i r s t  c a r r i e d  o u t  on both t h e  i n f r a r e d  d e t e c t i o n  

system and the  p re s su re  t ransducer .  

A dvnamic c a l i b r a t i o n  of t he  Dressure t ransducer  i n  the  shock 

tube using shock waves of known s t r e n g t h  showed t h a t  i t s  response 

s e n s i t i v i t v  f e l l  w i t h i n  t h e  manufacturers s p e c i f i c a t i o n s .  I n  a second 

series of similar c a l i b r a t i o n  tests, a 70 db per octave Tchebbvcheff 

f i l t e r  w a s  used t o  damp ou t  t h e  high frequency (-300 Kc/s) microphony 

e f f e c t s  commonly ohserved when using t h i s  type of t ransducer .  I n  

a d d i t i o n ,  w e  found i t  necessary t o  p l a c e  a l i g h t  smear of vacuum grease 

on t h e  exposed f a c e  of t h e  t ransducer  t o  e l i m i n a t e  h e a t  t r a n s f e r  e f f e c t s  

which d i s t o r t e d  i t s  response s e n s i t i v i t y .  

A s e p a r a t e  series o€ c a l i b r a t i o n  experiments,  with blank aluminum 

p l a t e s  i n s e r t e d  i n  t h e  expansion a p e r t u r e s ,  were c a r r i e d  ou t  t o  measure 

t h e  i n f r a r e d  emission i n t e n s i t y  as a func t ion  of t h e  temperature and t h e  

carbon monoxide concentrat ion.  Once such c a l i b r a t i o n  record i s  shown i n  

Fig. 2 .  This c l e a r l y  i l l u s t r a t e s  t h e  uniformity o f  t he  p re s su re  and 

temperature i n  t h e  v i c i n i t y  of t h e  end w a l l  of t h e  exDansion assembly 

channel 

From reco rds  such as t h a t  shown i n  Fig,  2 ,  t h e  i n f r a r e d  emission 

i n t e n s i t y  I ,  w a s  found t o  c l o s e l y  fol low t h e  form expected f o r  an o p t i c a l l y  

t h i n  system of harmonic o s c i l l a t o r  molecules,  v i z .  
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where [CO) is t h e  carbon monoxide concent ra t ion ,  T i s  t h e  v i b r a t i o n a l  

temperature,  and BV t h e  characteristic v i b r a t i o n a l  temperature of carbon 

monoxide (309OOK) e 

ments as a p l o t  of t h e  i n f r a r e d  emission i n t e n s i t y  p e r  CO molecule 

versus  temperature.  Comparison with the  exac t  c a l c u l a t i o n s  of Young 

f o r  t he  i n t e g r a t e d  fundamental emission i n t e n s i t y  of carbon monoxide 

showed t h a t  c o r r e c t i o n s  due t o  anharmonicity of t h e  molecule were no t  

important over  t h e  range of ou r  experiments.  I n  a d d i t i o n ,  d e t a i l e d  

estimates of t h e  average absorp t ion  of t h e  fundamental band f o r  t hese  

cond i t ions ,  using the  c a l c u l a t i o n s  of Young") and P l a s s ,  (7) confirmed 

t h a t  our  system w a s  o p t i c a l l y  t h i n  a t  a l l  ttmes. 

v 

Fig .  3 shows t h e  r e s u l t s  of t h e  c a l i b r a t i o n  exoer i -  

( 6 )  

Ey f i r i n g  shocks i n t o  a pure argon test gas ,  i t  w a s  poss ib l e  

t o  de t e rn ine  the  magnitude of any impur i ty  r a d i a t i o n  occuring wi th in  

our  s p e c t r a l  pass-band. 

t o  t h e  atmosphere, f o r  example, t o  replace t h e  expansion assembly d i a -  

phragms, a subsequent shock f i r e d  i n t o  "pure" argon generated an apprecia-  

b l e  l e v e l  of r a d i a t i o n .  liowever, a f t e r  two, o r  a t  most, t h r e e  shocks 

had been f i r e d  wi thout  exposing t h e  i n t e r i o r  of t h e  expansion assembly 

t o  t h e  atmosphere, t h e  level of impuri ty  r a d i a t i o n  dropped below d e t e c t a b l e  

l e v e l s .  Therefore ,  when prepar ing  f o r  an expansion experiment,  support  

p l a t e s  were f i r s t  f i t t e d  behind t h e  newly i n s e r t e d  secondary diaphragms. 

The r e q u i s i t e  number of clean-up shocks were f i r e d  i n t o  pure argon u n t i l  

no i n f r a r e d  output  s i g n a l  w a s  de t ec t ed ,  and t h e  suppor t  p l a t e s  were then 

removed w h i l s t  maintaining a p o s i t i v e  p re s su re  of pure argon i n s i d e  the  

whole svstem. Subsequent f i r i n g s  i n t o  pure argon demonstrated t h a t  no 

a d d i t i o n a l  impur i t i e s  had been in t roduced  during t h e  removal of the  support  

blanks e 

We found t h a t  a f t e r  t h e  system had been opened 
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4 EXPERIIfENTAL RESULTS 

Fig. 4 shows t h e  p re s su re  and i n f r a r e d  emission p r o f i l e s  recorded 

during an expansion experiment using a tes t  gas c o n s i s t i n g  of 0,5% CO, 

49.75% A r  and 49.75% H e .  It is  ev iden t  from t h e  i n f r a r e d  trace t h a t  

v i b r a t i o n a l  equi l ibr ium is  f u l l v  e s t a b l i s h e d  be fo re  t h e  arr ival  of t he  

expansion waves a t  t h e  end wall. Since t h e  enthalpy a s soc ia t ed  with 

t h e  carbon monoxide represented a very s m a l l  f r a c t i o n  of t h e  t o t a l  

enthalpy of t h e  mixture,  t h e  expansion a t  t h e  end wall w a s  assumed t o  

be an i s e n t r o p i c  process  with y = 5/3. 

p r o f i l e  was used t o  compute t h e  t r a n s l a t i o n a l  temperature and d e n s i t y  

p r o f i l e s  throughout t he  expansion. The v i b r a t i o n a l  temperature of t he  

carbon monoxide was then ca l cu la t ed  usfng Eq. (1). F iz ,  5 shows t h e  

t r a n s l a t i o n a l  and v i b r a t i o n a l  temperatures thus determined. The e r r o r  

b a r  i n  Fig.  5 i l l u s t r a t e s  t h e  max-imum unce r t a in ty  i n  the  measurement of 

T a t  t h e  end of t h e  expansion where t h e  p re s su re  and i n f r a r e d  s i g n a l s  

are smallest. 

Thus the  measured pressure 

V 

For t h i s  test gas mixture and experimental  cond i t ion ,  t h e  v i b r a t i o n a l  

temperature of t h e  carbon monoxide should fol low t h e  varyin? t r a n s l a t i o n a l  

temperature throughout t h e  expansion, never lagging i t  by more than about 

100 OR. 

which was computed using t h e  measured p res su re  p r o f i l e  and t h e  v i b r a t i o n a l  

r e l a x a t i o n  rate d a t a  compiled by 

e x c i t a t i o n  experiments f o r  CO-Ar, and CO-He systems. A number of such 

near-equilibrium expansion experiments were c a r r i e d  ou t  over  a range of 

cond i t ions  and i t  w a s  found t h a t ,  i n  gene ra l ,  t h e  measured v i b r a t i o n a l  

This behavior i s  i l l u s t r a t e d  bv t h e  f u l l  l i n e  p r o f i l e  i n  Fig. 5 

Mi l l i kan  and White(8) from shock wave 
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0 temDerature agreed to within 100 K of the translational temperature 

throughout the expansions. The results of these near-equilibrium experhnts 

substantiate the view that our observations during the expansion were 

made on a virtually stagnant gas sample having uniform prouerties alang 

the line of sight of the infrared detector. 

The important results of our investigations were obtained from 

a series of nonequilibrium expansion experiments conducted using test 

gas mixtures of 0.25 and 0.5 mole per cent of carbon monoxide in argon. 

A total temperature range from 4600 OK to 1400 OK was covered in which 

the stagnation pressure varied between 0.5 and 2.5 atmos. Figs. 6-8 

show representative results covering this range of conditions. A s  in 

the near equilibrium experiments, the bulk gas temperature and density 

were deduced from the measured pressure profiles by assuming isentropic 

expansions, and the vibrational temperatures were derived from the infra- 

red emission profiles. Again, the error bars illustrate the maximum 

uncertainty in the measurement of T 

in Figs. 6-8 illustrate the variation in the vibrational temperature 

which was computed using the linear Laudau-Teller(9) vibrational relaxation 

equation, viz. 

The additional full-line profiles V' 

where E(T ) is the energy in the vibrational mode of the gas having 

vibrational temperature T and E(T) is the equilibrium value correspond- 

ing to the translational temperature of the gas, T. The characteristic 

vibrational relaxation time, T~ (sec), for the CO-Ar system was assumed 

V 

v9 
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(10) t o  be given by the  e m p i r i c a l  equat ion:  

101  - 11.45 (3)  

is  defined as t h e  r a t i o  %O-AP where p is  the  t o t a l  p r e s s u r e  i n  atms, 

of t h e  c h a r a c t e r i s t i c  v i b r a t i o n a l  r e l a x a t i o n  t i m e  f o r  carbon monoxide 

d i l u t e d  i n  argon as measured i n  e x c i t a t i o n  (shock wave) experiments t o  

t h a t  measured i n  expansion flow experiments.  

It w a s  found t h a t  f o r  a l l  of t he  expansions,  t h e  measured v i b r a t i o n a l  

,< 1.5,  as i l l u s t r a t e d  CO-Ar temperatures f e l l  w i th in  bounds def ined  by 0.5 $ 0 

i n  Figs .  6-8. It i s  not  poss ib l e  t o  say  whether o r  no t  t he  marginal devia- 

t i o n  of (PCO-Ar from u n i t y  due t o  anharmonicity,  as p red ic t ed  by Bray (11) 

and Treanor,  (I2) i s  observed, b u t  c l e a r l y  t h e  p re sen t  r e s u l t s  i n d i c a t e  

t h a t ,  w i th in  the  unce r t a in ty  normally a s soc ia t ed  with shock tube experi-  

ments, v i b r a t i o n a l  e x c i t a t i o n  and de-exc i ta t ion  t i m e s  are equal  €or  carbon 

monoxide h ighly  d i l u t e d  I n  argon. 
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5 DISCUSSION 

Table I p r e s e n t s  a summary of the  r e s u l t s  ob ta ined  from previous 

i n v e s t i g a t i o n s  i n  which a t tempts  were made t o  measure v i b r a t i o n a l  de- 

e x c i t a t i o n  rates i n  thermally e x c i t e d  systems of diatomic molecules. 

For completeness, w e  have included t h e  r e s u l t s  obtained f o r  N2 and 0 2 >  

although our p re sen t  experiments w e r e  only concerned w i t h  CO, It i s  

apparent  from t h i s  summary t h a t  most i n v e s t i g a t o r s  r e p o r t  va lues  of 9 

greater than u n i t y ,  i .e.  c h a r a c t e r i s t i c  v i b r a t i o n a l  de-exc i ta t ion  rates 

(1,2) which were f a s t e r  than the  corresponding e x c i t a t i o n  rates. Only RUSSO'S 

i n v e s t i g a t i o n s ,  which were conducted using a shock-driven nozz le  expansion, 

are s t r i c t l y  comparable with our  i n v e s t i g a t i o n ,  s i n c e  t h e  o t h e r  i nves t iga -  

t o r s  used undi lu ted  CO. 2 Russo obta ined  @CO-Ar < 10 . 
It was suggested by von Rosenberg e t  a l .  (I3) t h a t  t he  h igh  va lues  

of repor ted  by t h e  Cornel1 workers (1'2) were poss ib ly  due t o  H atom 

i m p u r i t i e s ,  s i n c e  t e s t s  conducted i n  t h e  Avco shock-driven nozz le  f a c i l i t y  

had shown t h a t  t he  H atom appeared t o  be about lo4 t i m e s  more e f f e c t i v e  

i n  r e l ax ing  the  v i b r a t i o n a l  mode of CO than the  CO molecule € t s e l f .  How- 

eve r ,  Russo and Watt (I4) r e f u t e  t h i s  sugges t ion  on the grounds t h a t  t h e  

concent ra t ion  of H atoms requi red  t o  exp la in  t h e i r  r e s u l t s  would s t i l l  be 

considerably l a r g e r  than they es t imated  t o  have been present .  

The remainder of t h e  i n v e s t i g a t i o n s  r e f e r r e d  t o  i n  Table I, i n  

which pure CO w a s  used as t h e  test gas ,  i n d i c a t e  va lues  of @co-cO which 

range between 1 and 5. 

merits special mention s i n c e  t h i s  was a l s o  deduced from v i b r a t i o n a l  

temperature measurements (sodium l i n e  r e v e r s a l )  which were made i n  an 

unsteady shock-tube expansion flow. However, i n  c o n t r a s t  t o  our  technique,  

= 1, %o-co Holbechc and W o o d l e y ' ~ ( ~ ~ )  r e s u l t ,  i .e. 
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t h e i r  expansion w a s  produced by arranging f o r  t h e  primary shock wave 

t o  r u p t u r e  a secondary weak diaphragm which o r i g i n a l l y  sepa ra t ed  the  

test gas from a region of v i r t u a l  vacuum a t  t h e  downstream end of  t h e  

shock-tube. The unsteady backward f ac ing  r a r e f a c t i o n  wave thus  produced 

w a s  convected passed t h e i r  observat ion s t a t i o n ,  i ,e.  they d i d  n o t  ob- 

s e rve  a s t agnan t  gas saniple. Consequently, t h e  i n t e r p r e t a t i o n  of t h e i r  

measurements r equ i r ed  a r e l a t i v e l y  complex numerical s o l u t i o n  of t h e  

flow which w a s  performed on a computer: see Appleton(lS). 

from t h e  i d e a l l y  assumed unsteadv, one-dimensional, centered r a r e f a c t i o n  

wave, caused by t h e  non-ideal rup tu re  of t he  secondary diaphragm and 

the  p o s s i b l e  boundary l a y e r  e f f e c t s ,  probably introduced some uncertain-  

ties of i n t e r p r e t a t i o n  i n t o  t h e i r  measurements. 

Departures 

In  t h e  l i ,ght of t h e  concern shown over p o s s i b l e  impurity e f f e c t s  

i n  t h e  earlier i n v e s t i g a t i o n s ,  p recau t ions  were taken during t h e  i n i t i a l  

s t a g e s  of ou r  i n v e s t i g a t i o n  t o  minimise t h e  impuri ty  problems. 

t e s t  gas mixtures w e r e  passed through a copper c o i l  immersed i n  a l i q u i d  

n i t rogen  t r a p ,  and through an alumina p e l l e t  t r a p  which w a s  cooled i n  

a ba th  of acetone and s o l i d  carbon dioxide (see Mil l ikan ("1 . 
when it  w a s  e s t a b l i s h e d  t h a t  t h e  impuri ty  r a d i a t i o n  which was observed 

w a s  due t o  contaminants, apparent ly  scavenged from t h e  shock-tube walls 

( see  Sec t ion  3 ) ,  t h e  cold t r a p s  were e l imina ted  from t h e  gas-handling 

system and t h e  f i n a l  series of experiments w e r e  conducted using test  

gases taken d i r e c t l y  from t h e  mixing tanks.  It w a s  es t imated t h a t  t h e  

The 

IIowever 

maximum impuri ty  levels i n  t h e  CO-Ar mixtures used i n  our  experiments,  

based on t h e  manufacturers '  s p e c i f i c a t i o n s ,  was less than 40 ppm. 

The test gas was normally introduced i n t o  t h e  shock tube through 

t h e  expansion assembly channel a t  t h e  downstream end so  as t o  f l u s h  
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any degassed contaminants away from t h e  observa t ion  reg ion ,  However, 

test s h o t s  conducted wi th  t h e  gas-feed d i r e c t i o n  reversed ,  and a t  

o t h e r  t i m e s  wi th  a continuous flow sys t em i n  ope ra t ion ,  showed no 

evidence of any e f f e c t s  due t o  impur i t i e s .  Thus, t h e  former, more 

convenient system, was adopted f o r  gene ra l  use. The only impuri ty  

problem encountered i n  t h e s e  experiments was t h a t  discussed i n  Sec t ion  3. 

The series of experiments repor ted  he re  were conducted with a 

f ixed  expansion ape r tu re  length  of 1 2  cm and with the  end plug loca ted  

5 c m  downstream from t h e  ape r tu re s .  The high temperature l i m i t  of our  

d a t a  range w a s  imposed only because a t  temperatures  c l o s e  t o  o r  above 

5,000 OK, an apprec iab le  f r a c t i o n  of t he  fundamental emission band 

occured a t  wavelengths above t h e  f a l l - o f f  po in t  on the  r e spons iv i ty  

curve of our  indium antimonide d e t e c t o r .  The low temperature l i m i t  

was set  by t h e  excessive t i m e  requi red  f o r  t h e  v i b r a t i o n a l  energy mode 

of CO t o  e q u i l i b r a t e  w i t h  t h e  bulk  gas temperature  i n  t h e  cons tan t  

p re s su re  region behind the  r e f l e c t e d  shock. Nei ther  of t h e s e  r ep resen t  

fundamental l i m i t a t i o n s  t o  our  b a s i c  method of i n v e s t i g a t i n g  de-exc i ta t ion  

processes .  
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6 CONCLUSIONS 

The explanat ion f o r  t h e  high va lues  of (#I r epor t ed  for n i t rogen  

and carbon monoxide i n  t h e  earlier work, D a r t i c u l a r l y  t h e  va lues  of 

r epor t ed  by RUSSO, (”*) is  n o t  clear. It may be s i g n i f i c a n t  
‘CO-Ar 

t h a t  t h e  p re sen t  technique i s  t h e  f i r s t  one app l i ed  t o  making t h e s e  

de -exc i t a t ion  rate measurements which permits  observat ions t o  be made 

on a s t agnan t  gas sample. No a p r i o r i  c a l c u l a t i o n s  of t h e  v a r i a t i o n s  

i n  t h e  gas dynamic p r o n e r t i e s  through t h e  expansion are r equ i r ed  a 

Confirmation of t h e  f l u i d  mechanical behavior  of ou r  system was provided 

by the  equ i l ib r ium expansion exneriments. The r e s u l t s  of t he  non-equi- 

l i b r ium expansions c l e a r l y  i n d i c a t e  t h a t  t h e  v i b r a t i o n a l  r e l a x a t i o n  of 

carbon monoxide i n  an argon d i l u e n t  i s  adecruately descr ibed by a l i n e a r  

rate equat ion i n  which t h e  c h a r a c t e r i s t i c  v i b r a t i o n a l  r e l a x a t i o n  t i m e  is  

t h e  same no matter whether i t  is measured i n  a compression (shock wave) 

o r  expansion environment. 

Thanks are due t o  M r p  P. Roberts f o r  h i s  a s s i s t a n c e  i n  t h e  

l abora to ry  and h i s  a i d  i n  some of t h e  d a t a  reduct ion.  
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FIGURE CAPTIONS 

Figure 1 Plan view of expansion assembly 

Figure 2 Pressure and infrared signals from a calibration experiment 

in 0.5% CO, 99.5X Ar. Incident shock Mach numher, M = 3.63, 
S 

initial test gas pressure, D1 = 14.0 torr. 

temperature, T5 = 3020 K, reflected shock pressure, P5 = 1.41 

atms 

Reflected shock 
0 

Figure 3 Calibration curve showing infrared emission intensity per CO 

molecule as a function of temperature for 0.5% CO, 99.57: Ar. 

Full line given by Eq. (1) e 

Figure 4 Pressure and infrared resnonses from an expansion experiment 

conducted in test gas mixture: 0.5% CO, 49.75% He, 49.75% Ar. 

Ms = 3.81, p1 = 13.9 torr, T = 3325OK, P5 = 1.59 atms. 

Translational and vibrational temperatures deduced from the 

measured pressure and infrared'nrofiles in the expansion 

illustrated in Fig. 4.--0-- , translational temperature assum- 

ing an isentropic expansfon; A ,  vibrational temperature. 

Upper full curve shows the vibrational temperature profile 

calculated using the vibrational relaxation rate data from 

Millikan and White. 

Results from non-equilibrium expansion in 0.5% CO 99.5% Ar. 

5 

Figure 5 

( 8 )  

Figure 6 

translational temperatures computed from the pressure 

profile; A ,  vibrational temperatures from the infrared record. 

Full curves show the vibrational temperature profiles calcu- 

lated for the values of @ as indicated. Ms = 4.50, p1 = 3.9 

torr, T5 = 4600°K, P5 = 0.65 atms, Insert shows actual oscillos- 

cope record. 
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Figure 7 Results from non-equilibrium expansion in 0.5% CO, 99.5% Ar. 

translational temperatures computed from the pressure 

profile; A ,  vibrational temperatures from the infrared record. 

Full curves show the vibrational temperature profiles calcu- 

lated for the values of r#I as indicated. M 

torr, T = 41OO0K, P5 = 1.50 atms. 

scope record. 

= 4.25, pl = 10.0 
S 

Insert' shows actual oscillo- 5 

Figure 8 Results from non-equilibrium expansion in 0.5X CO, 99.52 Ar. 

, translational temperatures computed from the pressure 

profile; A ,  vibrational temperatures from the infrared record. 

Full curves show vibrational temperature profiles calculated 

for the values of r#I as indicated. Ms = 3 . 3 5 ,  p1 = 2 3 . 0  torr, 

T5 = 2600 K, P5 = 1.90 atms. 

record. 

0 Insert shows actual oscilloscope 
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